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SIR: 

L Yvtko TACHIB ANA, a citizen of Japan, hereby declare and state that 
1. I am one of the inventors of the above-identified application. 

% l have been employed by Asahi Glass, Ltd. h&mza- 1990^ andOOOO- Bsesg&& 
■*ime my activities have included the research and development of film formation 
technologies by sputtering methods. 

3, First I will discuss the present invention, which relates to titanium oxide/metal 
laminates. Then I w£U present comparative data obtained using zinc oxide/metal laminates. 

4, The above-identified application is the solution for the peculiar problem that the 
absorption at the silver/dielectrio-maierial interfaces occurs in the silver/ dielectric-material 
multilayer in the case that the dielectric material is titanium oxide which has high refractive 
index- My co-inventor and I think this problem is caused by the phenomenon which depends 
on the dielectric constant of the dielectric material, which means the refiaetive index in the 
case of the transparent material. 
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We think it can be thought this absorption occurs by the phenomenon max the surface 
plasmons of silver are excited in light irradiation, which is mentioned 3a the specification at 
page 9, lines 4-12. The energy that the surface plasmons of silver are excited depends on the 
<fcclectric<»ristantofmcsuwoun^ In detail, the 

absorbed energy decreases with the increase of die dielectric constant of the dielectric 
material, which means the increase of the refractive index in the case of the transparent 
material. This absorbed energy reaches to the visible region in the case of titanium oxide, as 
a result of the energy shift fromUV region. We think this is the reason why the above 
peculiar problem occurs in the case that the dielectric material is titanium oxide. 

In general, two reasons have been well known why the absorption at ihe 
saver/dielectric-raaterial interfaces occurs. One reason is due to the absorption caused by the 
oxidation, of salver at the interface when the dielectric material is deposited on the silver layer. 
The other reason is due to the absorption caused by that one part of the protective metal layer 
is not fully oxidized and remains as absorption layer when the dielectric material is deposited 
on the protective layer, in the case the metal layer is used as the protective layer of the silver 
from oxidation during the deposition of the dielectric material. 

Li the former case, die measurement of electrical resistance is well known to the 
effective measure to verify whether the silver is oxidized or not, because silver has very low 
resistance and the resistance increases very sensitively in the case the silver is oxidized. 

The electrical resistance in the comparative examples 1, 6, 1, 9, 10, 11, which did not 
have the interlayers and the protective layers, were very low and same as those of the 
examples which had the interlayers. These results show the silver was not oxidized in the 
comparative examples which did not have the interlayers and the protective layers, when the 
titanium oxide was deposited on the silver layer. These results also show the effect of the 
interlayers is not to protect the silver from oxidation. 
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It has been unexpected that the absorption occurs at the interlayer between the silver 
and the dielectric material, in spite that the silver is not oxidized at the interface and the 
protective metal layer is not applied. 

My co-inventor and I found that the absorption at the diver/titanium interfaces occurs 
in the silver/Staoium multilayers in spite that the silver is not oxidized We think it can be 
thought this absorption occurs by the phenomenon that the surface plasinons of silver are 
excited in light irradiation and this absorbed energy, which depends on the dielectric constant 
of the dielectric material, reaches to the visible region in the case of titanium oxide, as a 
result of the energy shift from UV region. We could find the solution of this problem by 
understanding this mechanism* 

Fttrfhermore, we will add to explain the reason why the silver was not oxidized in the 
comparative examples which do not have the interlayers and the protective layers, when the 
titanium oxide was deposited directly on the silver layer. We used the titanium oxide target 
and very small amount of oxygen gas (the amount of oxygen is only 2% of gas) for the 
deposition of titamum oxide layer in the examples and the comparative examples. In tins 
case, the oxygen which contain in the titanium oxide layer mainly come from the sputter 
target The species which eject from the sputter target are electrically neutral and do not 
accelerate in the electric field in sputter system, therefore, reach to the substrate by having 
lower kinetic energy- On the other band, the oxygen ions which come from oxygen gas have 
electrical charges and are accelerated in the electric field in sputter system, therefore, reach to 
the substrate by having higher kinetic energy. Therefore, oxygen which come ftom the 
sputter target do not oxidize the silver and the oxygen ions which come from oxygen gas 
contribute to oxidize die silver. By having used only 2% oxygen in sputter gas, the silver was 
not oxidized in our comparative examples, in spite that the titanium oxide was deposited 
directly on the silver layer without the interlayers and the protective layers. 
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We presented the research results concerning the above-identified application at 
several international techmcal conferences including one of the meetings of Optical Society 
of America, and published the several technical journals as listed below; 

- 4* International Conference of Coalings on Glass (2002); 

- 5 th International Symposium of Sputtering & plasma Processes 

(2003); 

- Optical Interference Coatings 9* Topical Meeting; 

(one of the technical meetings of Optical Society of America* 2004); 

- Y. Tachibana, K. Kusunoki, T- Watanabe> K. Hashimoto, H- OhsaW, 
Thin SoHdFilms, 442^12 (2003); " jv 

jy. Tachibana, K, Kusunoki, H. Ohsaki, Vacuum, 74, 555 (2004). 

In addition, w? slso presented the research result concerning to the deposition of 
titanium oxide using the oxide target as listed below: 

- Society of Vacuum Costers 42?* Annual Technical Conference 

(1999); 

- 4 th International Symposium of Sputtering & Plasma Processes 

(1999); 

\ H. OhsaJri, Y. Tacbibana, A. Hayashi, A. Mitsui and Y Hayashi, Thin 
Solid Films, 351,57 (1999); 

- Y. Tacbibana, H. Ohsaki, A. Bayasbi A. Mitsui and Y- Hayashi, 
Vacuum, 59, 836 (2000); 

~H. Ohsaki, Y. Tachibana, A. MxtsUi, T. Kimiyama. and Y. Hayashi, 
Thin SolidFihns, 392,169 (2001). 

Fox the Examiner's convenience^ attached are copies of 

- Y, Tachibana, Kusunold, T. Watanabe, Hashimoto, JL OhsaW, 
Thin Solid Films, 442,212 (2003); and 

- H. Ohsaki, Y. Tacbibana, A. HayasH, A. Mitsui and Y Hayashi, Thin 
Solid Films, 351, 57 (1999), 
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5. Having discussed ttie present invention relating to titanium oxide/metal laminates, 
I will now present comparative data obtained using zinc oxide/metal laminates. 

6. The following experiments were carried out by me or under my direct supervision 
and control. 

7. Object 

I aimed to substantiate the inventive step of the above-identified application by 
Showing that no change of a visible light transmittance is observed in a tsnioate obtained by 
using zinc oxide instead of titanium oxide for a dielectric layer in this application. 

8. Meuiod of experiments and results of experiments 

(1) Experiments repeating Examples 48, 51, 52 and 54 and Comparative Example 9 in 
the above-identified application provided that sine oxide was used instead of titanium oxide, 

a. Sample 1 

CP Formation ofa zinc oxide layer 

Using a zinc oxide target (area: 432 mm x 127 mm), a zinc oxide layer having a 
thickness of 36 nm was formed on the surface of a soda lime glass, with an application of 
electric power of 2 kw in an argon gas atmosphere. 

® Formation of a Ag-Pd layer 

On this zinc oxide layer, a silver Iay§r containing 1 atojnic% of palladium with a 
thickness of 12 nm was formed by using a silver target (area: 432 mm x 127 mm) containing 
1 atomic% of palladium in an argon gas atmosphere by applying an electric power of 0,3 lew. 

The operations <2> and @ were similarly repeated to obtain a laminate (Sample 1) 
having the layer structure as indicated in Table 1 below, 

b. Sample 2 

© Formation of a zinc oxide layer 
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A zinc oxide layer was foimed in a thickness of 36 nm on a soda Urae glass by 
similarly conducting the operation © of Sample 1. 
® Formation of a SiN layer 

On this zinc oxide layer, a SiN layer having a thickness of 1 nm was formed by using 
a Si target (area: 432 mm x 127 mm) hx an argon gas atmosphere containing 30 vol% of 
nitrogen by applying on electric power of 1 kw. 

® Formation of a Ag-Pd layer 

On the obtained SiN layer> a silver layer containing 12 atomic% of palladium was 
formed in a thickness of 12nmby conducting the operation ©of Sample 1 similarly. 

The above operations <£> to ® were similarly repeated to obtain a laminate (Sample 2) 
having the layer structure as indicated in Table Z below. 

c. Sample 3 

® Formation of a zinc oxide layer 

A zinc oxide layer was formed in a thickness of 36 nm on a soda lime glass by 
similarly conducting Hie operation © of Sample 1 , 
® Fonnationof aSiNlayer 

On this zinc oxide layer, a SiN layer was formed in a thiclaiess of 3 nm by conducting 
lie operation © of Sample 2 similarly. 
® Formation of a Ag-Pd layer 

On the obtained SiN layer, a silver layer containing 1 atomic% of palladium was 
formed in a thickness of 12 nm by conducting the operation @ of Sample 1 similarly. 

Hie operations CD to ® were similarly repeated to obtain a laminate (Sample 3) having 
Hie layer structure as indicated in Table 1 below, 

d. Sample 4 

© Formation of a zine oxide layer 
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A zinc oxide layer was formed in a thickness of 3(5 am on a soda lime glass by 
conducting the operation © of Sample 1 similarly. 
© Formation of a SiN layer 

On this zinc oxide layer, a SiN layer was formed in a thickness of 5 mn by conducting 
the operation © of sample 2 similarly. 
® Formation of a Ag-Pd layer 

On the obtained SiN layer, a silver layer containing 1 atomic^ of palladium was 
formed in a thickness of 12 nm by conducting the operation ® of Sample 1 similarly. 

The operations ® to ® were similarly repeated to obtain a laminate (Sample 4) having 
the layer structure as indicated in Table 1 below. 

(2) Samples obtained 

<P Sample 1: A laminate having the following structure consisting of five ZnO layers 
and four Ag layers. 

Subsrrar<^nO/Ag/2^0/Ag/ZnO/A^^O/Ag/ZnO 

® Sample 2: In Sample 1, SxN layers having a thickness of 1 nm were formed above 
and below all the Ag layers* 

@> Sample 3 : In Sample 1, SiN layers having a thickness Of 3 nm were formed above 
and below all the Ag layers. 

® Sample 4: in Sample 1, SiN layers having a thickness of 5 nm were formed above 
and below all the Ag layera. 

(3) Results of evaluation 

Using the obtained laminates* the following evaluations were conducted. 
© visible light transroittance (%) 
© Visible light reflectance (%) 
d5 Sheet resistance (Q/d) 
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Table 1 



Results of evaluation of laminates when zinc oxide was used 





Sample 1 


Sample 2 


Sample 3 


Sample 4 


17. Zinc oxide layer (5) 


36 


36 


36 


36 


16, SiN layer 


- 


1 


3 


5 


15. Ag-lat%Pd layer 


12 


12 


12 


12 


14, SiN layer 


- . 


1 


3 


5 


13, Zinc oxide layer (4) 


68 


68 


68 


68 


12, SiN layer 


- 


1 


3 


5 


11, As4at%Pd layer 


15 


15 


15 


15 


10. SiN layer 


- 


1 


3 


5 


9. Zinc oxide layer (3) 


65 


65 


65 


65 


8. SiN layer 


- 


1 


3 


5 


7. A£-lat%Fd layer 


15 


15 


15 


15 


6, SINf layer 




I 


3 


5 


5. Zinc oxide layer (?) 




68 


68 


68 


4. SiN layer 




1 




5 

•* 


3. Ag-lat%Pd layer 


12 


12 


12 


12 


2. SiN layer 




1 


3 


5 


1. Zinc oxide layer (1) 


36 


36 


36 


3f 


Substiate 




















Visible light tcansmittance (%) 


55.5 


55.5 


5S.5 


55.5 


Visible light reflectance (%) 


2 


2 


2 


2 


Sheet resistance (£2/0) 


1,5 


1.5 


1.5 


1.5 



♦Note: The unit of the iMcfcness of each layer in the laminate is ran. 
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9. CoBdusion. 

It was confirmed from the results of Table 1 4tf vk*x zinc oxide was used for a 
adeemed no 

10. I hereby declare that *11 starts made here* of my o^IX knowledge axe *ue 

these stalemeats were made v*h *e Knowledge ttat to statements and the Iflce so 
^^tyb or imprison orbo*, underSeotioA 100! of life X8 of ft. 
XMted States Code and that such willful false statements may jeop^dize the validity of this 
application or any patent issuing thereon. 

11. Further declarant saith not 



•Zoo?- 




Attached: 

Thm Solid Fihus, 442, 212 (2003) 
Thin Solid Films, 351, 57 (1999) 
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Optical properties of multilayers composed of silver and dielectric 

materials 
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-Research Center for Advanced Science and Technology. The University of Tokyo. Ko>naba, Megurolu. Tokyo 1534904. Japan 



Abstract 



We investigated the optical properties of the silver/diclcctricmatcrial multilayers and found 
^ yS1 -^^ y |hfcS5S onf StSng ^optiS colts of constituent layers. The absorption increases with the 

optical absorption measured. 

© 2003 Elsevier B.V. All rights reserved. 

Keywords: Silver, Dielectric constant; Absorption; Plasmons 



1. Introduction 



Silver film has a low refractive index approximately 
0.1 in visible wavelength region. These kind of optical 
characteristics enable to design the bandpass filter with 
a layer construction of a sandwich of silver layer with 
two dielectric-material layers or its reiteration [1]. 

Such silver/dielectric-material multilayers have been 
applied to the low emissivity coatings and recently 
extended the application to the electromagnetic interfer- 
ence shielding filter for the plasma display panel, fea- 
turing the silver's lowest electric resistance [2], 

When the optical devices including a basic layer 
construction of silver/dielectric material are designed, 
the transmission of the practically prepared device is 
lower than the calculated one using the optical constants 
of constituent layers, which is obtained from each single 
layer. The difference of the transmirtance increases on 
the optical device with the larger number of reiteration 
of dielectric material/silver/dielectric material, which 
has a sharper band edge. Also, the difference increases 
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when using a dielectric material with a large dielectric 
constant; the bandpass filter has a wider optical window 
in wavelength scale. 

In this paper, we will discuss the mechanism of this 
abnormal absorption and also give ways to increase the 
transmirtance based on the experimental and analytical 
results. 

2. Experimental 

We used in-line type planar magnetron sputter coaters 
(Nisshin Seild Co., JVS-SO-3 and BOC Coating Tech- 
nology, H-S-1600) having a deposition chamber with 
load lock and over run chambers on both ends. The 
deposition chamber is divided into three chambers with 
one cathode in each one. The sputter gas is introduced 
to each deposition chamber and evacuated through the 
end chambers with two diffusion pumps. The DC power 
supply is a switching regulator (Advanced Energy Ind., 
MDX). While the silver layers were deposited by the 
At sputtering of the silver target, dielectric materials 
were deposited by using the ceramics targets and a 
mixed sputter gas of a few percent of 0 2 diluted with 
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Fig. 1. Spectral transmittance and reflectance of the Ag/SiN x multi- 
stack with four Ag layers. Solid and dashed tines represent experi- 
mental tod calculated ones, respectively. The layer construction is as 
follows: SiN, (51 nm)/Ag(12 nitO/SiN^ 0 nm)/Ag(12 
nm)/SiN,(75 nm)/Ag(12 nmVSiN^S nm)/Ag(12 nm)/SiN*(36 
nm)/glass. 

At in order to avoid the oxygen damage on silver layers 
13]. 

The thickness of the films was measured using a 
stylus-type surface tracer (Rank Tbylor Hobson, Taly- 
step). The thickness of each constituent layer of multi- 
stacks is adjusted by using the obtained thicknesses of 
the monolayer that was deposited at the same deposition 
condition. The electrical resistance of the films was 
measured by a non-contact conductance monitor (DEL- 
COM Instruments, Inc., MODEL 717B). Spectral trans- 
mittance and reflectance were measured by using a 
spectrometer (JASCO, ART-25GT). TTie optical con- 
stants of the films were analyzed by ellipsometry using 
a spectroscopic cllipsometer (J.A. Woolam Co., Inc., 
VASE). The surface related excitation in silver layer 
was analyzed using an X-ray photoelectron spectroscope 
(Physical Electronics, Quantum 2000). 

3. Results and discussion 

3.L Spectral analysis of the multilayers of Ag/ dielectric 
material 

The Ag/SiN, multilayer stacks including various 
numbers of silver layers were prepared and the trans- 
mittance was measured. The single layers of Ag and 
SiN* were also prepared and their optical constants were 
analyzed by ellipsometry by using an appropriate n-k 
model for each material: Caucy polynomials for SiN n 
parametric semiconductor model for Ti02 and ami 
Lorentz oscillator model for Ag. We calculated the 
transmittance of the Ag/SiN, multilayer stacks by use 



of the optical constants measured. The Ag/TiO* multi- 
layer stacks were also prepared and the measured and 
calculated transmittances were compared* 

Fig. 1 shows the measured and calculated spectral 
transmittance and reflectance of a Ag/SiN T multi-stack 
with four Ag layers and Fig. 2 gives the difference 
between the measured visible transmittance and the 
calculated one. The difference increases with the 
increase of the number of silver layers, as presented in 
Fig. 2. It is obvious that the Ag/TiO a multilayer stacks 
have a larger difference than the Ag/SiN* multilayer 
stacks. 

In order to make clear whether this absorption comes 
from the bulk silver or silver/dielectric-material inter- 
face, we inserted 1.0-nm-thick SiN A interlayer(s) 
between Ag and T\0 2 in the Ag/TxO* multilayer stacks. 
Fig. 3 shows the visible transmittance and reflectance 
of Ag/*no 2 multilayer stacks with and without SiN,, 
insert layer(s). Hie results are quite simple; the trans- 
mittance increases almost the same percent by each 
insertion; the increment is independent of the position 
of insertion. We obtained the same results in the ZnO 
interlayer case. It is noted that the increment of trans- 




Number of layeis 



Rg. 2. The difference between the measured and calculated transmit- 
tance of the Ag/TiOi and the Ag/SiN, multilayer stocks. Squares 
represent the difference in the Ag/TiOj stacks and circles represent 
the difference in the Ag/SiN, stacks. The layer constructions are as 
follows: (1) Ti0 2 (33 nm)/Ag (12 nnO/T^ (33 mnO/glass, SiN, 
(40 nm)/Ag (12 nm)/SiN, (40 nm)/glass; (2) TiO* (38 nm)/Ag (12 
nnO/TIO! (74 mm)/Ag (12 iwO/HOz (42 nm)/gi*S5, SiN, (45 
nm)/Ag (12 nnO/SiN, (89 mm)/Ag (12 nm)/SiN, (51 nm)/glaw; 
(3) TiOi (42 nm)/Ag (12 nnd/TtOj (74 nm)/Ag (12 nnO/TiQ* (63 
nm)/Ag (12 nnO/TOa (30 nitO/glass, SiN, (51 nra)/Ag (12 
nmVSiN, (89 nm)/Ag (12 nnO/SiN, (7S nm)/Ag (12 nm)/SiN, (36 
nmVglass; (4) TtO? (42 nm)/Ag (12 nm)/Ti0 2 (74 nm)/Ag (12 
nm)/Ti0 2 (63 nm)/Ag (12 nnO/TiO* (63 nm)/Ag (12 wtO/TiOj 
(30 nnO/glass, SiN* (51 nm)/Ag (12 nm)/$iN, (89 nm)/Ag (12 
nm)/SiN, (75 nm)/Ag (12 nnO/SiN, (75 nm)/Ag (12 nnO/SiN,, (36 
nm)/glas$. 
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Hg 3. Visible Mtu*. -d visible reflectance of the Ag/TiO, stacks including two A S layers (14 nm thick) with and without l-nm-thick 
SIN, iotcrlaycKs). Square* and circles represent the visible transimttancc and reflectance, respectively. 



mittance by the ZnO insertion is almost the same as the 
SiN T case. 

The results given in Figs- 2 and 3 indicate that the 
absorption occurs at the interface between the silver 
layer and the dielectric-material layer and the absorption 
is larger in the case of the dielectric material having a 
higher dielectric constant. 

3.2. XPS analysis of the surface plasmon of silver 

In order to analyze the characteristics of surface 
related excitation in silver layer, wc prepared the silver 
layers overcoated with thin dielectric material and made 



X-ray photoelectron spectroscopy (XPS) surface analy- 
sis, which offers the information on the interface 
between silver and dielectric layer. 

Fig. 4 shows the XPS spectra around Ag 3d peaks of 
the silver layers overcoated with Ti0 2 and the plasmon 
loss peaks were observed at the higher energy side of 
the Ag 3d 3/1 (at 368 cV) and Ag 3d 3/2 (at 374 eV) 
peaks 14]. Since Ag 3d peaks of the single silver layer 
and the Ti0 2 -overcoated silver layers are at the same 
position and also have almost the same shape, it is 
obvious that the silver overcoated with HO* is not 
oxidized, which is confirmed by the results that there is 
no change in the electrical resistance of the silver layers 
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4. The XPS spectra around the Ag 3d* and Ag ^ peaks of the silver layers overcoated with HO> layer having various thicknesses. 
Internal figures are the enlargements of the ptasmon loss peaks. 
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Fig. 5. The resonance energy of the Surface plasmon of silver, Tri- 
angle.* represent that of silver monolayer. Circles painted and unpaint- 
ed represent that of silvers overcoated with ZnO and $iN„ 
respectively. Squares represent that of silvers overcoated with Ti0 2 . 

by overcoating with Tt0 2 - It is also obvious that the 
plasmon loss peaks shift to the lower energy side with 
increasing the thickness of overcoated TiOj, which 
means that the resonance energy of the surface plasmon, 
generated at the interface between silver and Ti0 2 , 
decreases with the H0 2 thickness. We also investigated 
the silver layers overcoated with SiN, and ZnO and 
obtained the same tendency on the surface plasmon. 

In Fig. 5, the resonance energy of plasmon is plotted 
against the thickness of overcoated dieletric materials. 
It can be seen that the resonance energy of surface 
plasmon decreases with the increase of the dielectric- 
layer thickness and the resonance energy decreases more 
when the dielectric material has a higher dielectric 
constant. 

These results can be explained by the equation for 
the resonance frequency of the surface plasmon [5]: 

„ p -« p /<«+l> 1 '* <o 

where a), is the resonance frequency of the surface 
plasmon, <* p is the resonance frequency of the bulk 
plasmon, e is the dielectric constant of the dielectric 
material n is the density of free electrons, e is charge 
of electron and m* is the effective mass of electron. 




300 400 500 600 700 800 900 1000 
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Fig. 7. Extinction coefficient of the absorbing layer. 

The increase of the thickness of dielectric overlayers 
can be understood to increase the effective dielectric 
constant of dielectric material, which is denoted as e in 
Eq. (1). In this case, namely the overlaycr thickness is 
too small comparing with the extension of the electro- 
magnetic field generated by the surface plasmon, the 
effective dielectric constant can be considered as a 
definite integral of the dielectric constants of dielectric 
material and vacuum by using a weight function corre- 
sponding to the electromagnetic field strength, as illus- 
trated in Fig. 6. It can be explained from the increase 
of effective dielectric constant of the adjacent medium 
to the silver layer that the resonance energy of surface 
plasmon decreases with the thickness and/or the dielec- 
tric constant of the overlayer. 

33. Ellipsometric analysis of the surface plasmon 

For ellipsometric analysis, we prepared the stacks 
with a layer construction of Ag/Ti0 2 /glass. By consid- 
ering the contribution of the surface plasmon, we 
employed the layer stack model of Ag/Absorbing layer/ 
TiOj/glass. The optical constants and the thickness of 
the absorbing layer were evaluated by the ellipsometric 
analysis with a good fitting to both of the measured 
transmittance and ellipsometric data. The obtained 
extinction coefficient of the absorbing layer is presented 
in Fig. 7. The obtained thickness of the absorbing layer 
is below 1 nm and does not raise the optical interference 
practically. The calculated transmittance considering this 
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surface plasmon absorption agrees well with the meas- 
ured transmittance and the calculated and measured 
reflectance are coincident well also. 

4. Conclusion 

We investigated the optical properties of the silver/ 
dielectric-material multilayers and found that the absorp- 
tion exists at the silver/dielectric-material interfaces. 
The absorption was assigned to the absorption of surface 
plasmon by spectral, ellipsometric and XPS analyses. 

The absorption was detected as the difference between 
the measured transmittance and the calculated one. It is 
found that the absorption increases with the number of 
the silver/dielectric-material interfaces and with the 
dielectric constant of the dielectric materials. By consid- 
ering the absorbing layer at the silver/dielectric-material 
interface, the ellipsometric analysis gives a good fit of 
the optical constants and thicknesses of constituent 
layers and the measured transmittance agrees well with 
the calculated one using the ellipsometrically obtained 
results. 

The surface plasmon loss peaks of Ag 3d 5 / 2 and Ag 
3d 3 ^ were observed by the XPS analysis of the silver 
layer overcoated with the dielectric layers. The reso- 
nance energy of surface plasmon decreases with the 
increase of the dieletric-layer thickness and the reso- 
nance energy of surface plasmon decreases more when 



the dielectric material has a higher dielectric constant. 
This energy shift of the surface plasmon can be 
explained by using a well-known equation giving the 
resonance frequency of surface plasmon. These XPS 
results are consistent with the results on the spectral 
analysis and ellipsometric analysis. 

We also found that the transmittance of the silver/ 
dielectric-material multilayers can be increased by 
inserting the thin interlayers having a low dielectric 
constant into the siiver/dielectric-material interfaces; 
this method is especially effective in obtaining the high 
performance Ag/Ti0 2 multilayers. 
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Abstract 

A new sputter technique for high rate deposition of TiO> was developed for applying to common planar magnetron setter system. With 
th^SuS^no sprayed TiC^rpct, and n sputter gns of a few percent of O, dUcted with Ar.TiO, films ore deposited with a 
^h ™o^rl eflicien* (deposit raTc per applied power density) being almost eight times larger than that of the conventiooal 
sputter method Psing Ti target Oi *pmiw gto. C 1 999 Bsevjer Science 5.A. All rights reserved. 

rUpwrds: Spcttcrinr, Tinumim oxide 



1, Introduction 

pemand for optical coatings on large area substrates for 
architectural, automotive and display applications as well as 
on small area coating fox optical components which already 
have a very long history of vacuum vapor deposition is 
increasing. Because sputter method leads to high uniformity 
on thicfaiew and film quality, the sputter deposition has 
been becoming a mainstream for the large area coating. 
The principal materials used for optical layers are low- 
rctractive-index and Wgh-re£ractrvc-indcx materials like as 
$i0 2 and HO* respectively. Stable sputter deposition of 
SiOj has been established recently by new technologies 
for diminishing the arcing problems: rotatcsblc cylindrical 
magnetron [1], mid-frequency AC dual magnetron sputter- 
ing [2,31 and P^se modulation DC sputtering [4,5]. On (he 
other band, TiOi sputter deposition has a low deposition rate 
problem when the conventional sputtering method are used 
and its deposition rate has been improved by controlling the 
metal mode by measuring the plasma emission [61 and by 
using mid-frequency AC dual magnetron system PI- Those 
high rate sputter techniques fox depositing TiOj films unfor- 
tunately need some special components: plasma emission 
monitor and Oi inflow feedback system for the former tech- 
nique or dual magnetron system and 0% partial pressure 
monitor for the latter. 

Wc have developed a simple TiOj high rate sputter 
method which does not need any special cathode, uncom- 
mon power supply or feedback system and which uses only 
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a T50 2 _, target instead of a Ti metal target In this paper, wc 
will describe the mechanism of this high rate sputter 
method. 

2. Experimental 

used in-line type planar magnetron sputter machines 
(Nisshin Sella Co., JVS-SO-3 and BOC Coating Technol- 
ogy, ILS-lt)00) having a deposition chamber with a load 
lock and over run chambers on both ends. The opposition 
chamber is divided into three chambers with one cathode in 
each one The (putter, gas is introduced to each deposition 
chamber and evacuated through the end chambers with two 
diffusion pumps. The DC power supply is a switching regu- 
lator (Advanced Energy IiuL, MDX), which can be 
controlled within voltage current and power regulation 
modes; power regulation mode was selected. 

Films were deposited on soda-lime glass plates and An 
sheets. The thickness of the 61ms was measured using a 
stylus-type surface tracer (Rank Taylor Hobson, Talystep). 
The deposition rate was evaluated by dividing the film 
thickness by the passage time of the subsonic through the 
deposition chamber. The refractive index of the films was 
analyzed by ellipsometry using a spectroscopic eiUpsometer 
(J A. Woollam Co., Ine , VASE) and the extinction coeffi- 
cient of films were evaluated from the visible transmrttance 
and reflectance using a grating-type spectrometer 0ASCO, 
ART-25GT). The depth profiles of the films were obtained 
using an X-ray phomelectron spectroscope (Physical Elec- 
tronics, Quantum 2000). 

Negative ion implantation into films and transmrttance 
through films were calculated using a Monte Carlo program, 
HUM [83 and the results were used for analyzing the species 
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RB.1. DcpowUon rai* eflicicncy vi. Oj «DcciUT*iicn in spurn* gu ifld 
power density for spuUmini: ofTLOx-, target. Expected «iw DfOjcomocrr- 
tration is lets thftfl ±2% &Bd ibftt of dcpoiUion rot* efficiency ia less dstt 
±5*. 

reaching onto the film surface by comparing the experimen- 
tally obtained depth profiles of the deposited films. 



3. Results and discussion 

3.1. Sputtering mechanism qfTiO^x 

TiOi target was produced by plasma spray of TiCh 
powder and tbc obtained material was a n-type semiconduc- 
tor having a sufficient conductivity of ca. 0.3 ti, ■ cm as a 
target for DC sputtering. Films were deposited on glass 
substrates by sputtering the HO*-, target with gas mixtures 
of Ar and oi The deposition rate efficiency (deposition rate 
per applied power density) is plotted with various power 
densities in Kg. 1. The deposition rate efficiency becomes 
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larger applied power. . 

It is known that the deposition rate efficiency strongly ! 
depends on the surface $m ie of the target and the efficiency ! 
increases when the target surface becomes more metallic - 
[4,9,10]. The surface state of the Ti0 2 - x target bombarded 
with Ar ions was measured by X-ray pbotoelection spectro- 
scopy (XPS) and it was found that the bombarded surface 
changes to metal rich comparing to the original surface 
From this result, the surface state of the TiOt target during 
the sputtering can be said to be rather metallic. The deposi- 
tion rate efficiency of Ar sputtering of Ti metal target is 
about 7.5 A • cm 1 /!- W and the efficiency of fully oxidized 
•H target (sputtered with 100% O* sputter gas) is 037 A • 
cm 2 /s * W. Therefore, the target surface of sputtered TiO^ 
with Ar is not purely metallic (the deposition rate efficiency 
bcmg5JA'cmV«'W,assnowninfig. 1) but has a certain 
degree of oxidation. The target surface of TiO, sputtered 
with an Ar-Oj sputter gas reaches a certain surface steady 
state which is more oxidized compared to pure Ar sputtering 
case. This surface state discrepancy between Ar-Oj and Ar 
sputtered TiOi-, target increases with an increase of Oi 
concentration and with a decrease of applied power. This 
tendency is reasonable considering that Ar bombardment 
makes the surface metal-rich. Oi bombardment oxidizes 
the surface and the sputtering yield of 0 2 ions is about 0.4 
tiroes smaller than that of Ar ions. This sputtering yield ratio 
was obtained fiom tbc experimental results on the sputtering 
of Au target using Ar and O2 sputter gases. 



S.Z Ejected species from 7703-, target 

Fox making clear that the ejected O-rclatcd species from 
TiOj x target reach directly the substrate or mix into the 
sputter gas, we estimated the kinetic energy of the O-related 
species by measuring the depth profiles of O atoms pene- 
trating into the substrate. Ti0 2 films were deposited on Au 



H. OhxM ft el /Thin ScU<i Films « J (1999) 57-60 



59 




0 100 200 300 400 500 600 700 
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Kg. 4. Mean peaeurioa depth of implanted O* ions into Ag film, lint n a 
lett-sqviue-flited xdsiionshlp between mean peneaaltos depth (d) and 
kinetic energy (©, d = 

sheets for avoiding the chemical reaction between deposited 
species and substrate and the deposition was done by the 
ways: sputtering of a Ti0 2 - x target with 3% Oj gas and 
sputtering of a Ti target with 100% Oi gas. XPS depth 
profiles in and around the interface of TiOi film/An 
substrate were measured and arc presented in Fig. 2. It 
shows that O species penetrates into Au about 10 A deeper 
ID the case of H-100% Oz sputtering than in the case of 
H07-f$% On sputtering. 

It was also found that T>0 2 -,-3% O2 sputtering makes no 
damage on easily deterioratable material, as for example Ag 
deposited just before this Ti02 deposition. This UQ* depos- 
ited by TiOi-fZto Oj sputtering was used as a protective 
layer and the kinetic energy of O-related species coming 
from the Oj sputtering gas was evaluated. T1O3 films were 
deposited by TMOOfc O a sputtering on this protective TiCV 
Ag:l XL% Pd/glass and the resistivity of Ag:l Qt.% Pd was 
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measured (Fig. 3). Fig. 3 shows that O species are implanted 
into the substrate in a 10 A depth at least during Ti-lOOft Oj 
Sputtering. 

The upper two results are consistent with each other and it 
can be said that Oj sputter gas is decomposed and changed 
to O" ions in the plasma and then the O" ions accelerated by 
the electric field around the target reaches the deposited 
film. In the case of TiOj-j sputtering, O species ejected 
from the target do not mix in the sputter gas and reach the 
deposited film surface with a small kinetic energy. 

The mean penetration depth of implanted O" tons into Ag 
film was calculated by using the TRIM Monte Carlo 
program [8] and the results are presented in Fig. 4; an almost 
identical relationship between mean penetration depth and 
kinetic energy was also obtained in the case of O" implan- 
tation into An, Thu result indicates that the O species 60m 
HOI-* target has a kinetic energy of a few tens of eV. Fig. 5 
shows the calculated transminanoe of O" ions with various 
kinetic energies through TiCfe. Prom Kg. 4 and Bg. 5, O* 
ions from O3 sputter gas U thought to have a kinetic energy 
of several hundred* of cV. 

33, Formation mechanism offilmS 

As mentioned above, Ti- and 6-rclated species ejected 
from HOw target reach the substrate surface with rather 
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Fig. "J. Extinction coefficient of the films deposited ftttt TiOi-, tsrjet v*. 
deposition yate efficiency (dopontioo rate per Applied power density). 
Expected error of extinction coefficient is about *l0%. 
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Fig. 8. Refractive ind>xei of TiO, film* evaluated by cltipsometilc analy- 
Tip, films were abtuood by 3*>Oj sputtering of TKV, tarjet (wlid 
Una) and ioo* O t spuuftfing of Ti target (dashed Uoc). Applied power 
deotity wu 7.29 W/em 2 in both esses. 

low energies but oxygen must be supplied from the sputter 
gas for fm™g up the oxygen lack in order to obtain 7iOi 
films. 

Fig. 6 shows the i elationship between deposition rate end 
extinction coefficient of deposited films using sputter gases 
with various O3 concentrations. If me oxygen is supplied 
thermally from the sputter gas. the films deposited with low 
deposition rate have low extinction coefficient but, as Fig, 6 
indicates, the amount of thermal oxygen is not large enough 
to fill up the oxygen lack even in the lower deposition rate 
ease. On the other hand. Fig. 7 shows that the amount of 
filling-up oxygen is proportional to the applied power 
density. This means thai the filling-up oxygen may be an 
excited oxygen and its amount is in proportion to the applied 
power density. 

Transparent TiOi were obtained with about 8-9 times 
higher deposition rate by TiOj., sputter comparing with 
Ti-100% O2 sputter and the measured refractive index of 
both films arc almost the same as shown in Pig. £. 

4. Conclusion 

A new sputter method for high rate deposition of Ti0 2 
was developed and applied to a common planar magnetron 
sputter system. In mis technique, Ti0 2 films are deposited 
by using plasma sprayed Ti0 2 -, targets and a sputter gas of 
a few percent of Oi diluted in Ar. The deposition rate effi- 
ciency is almost eight times larger than that of the conven- 
tional sputter method using Ti target and O2 sputter gas. 

The XPS analysis showed that the surface of Ar- 
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bombarded TiOj-, becomes Ti rich suggesting that the 
high deposition rate efficiency of this new method comes 
from the metallic surface of the target during the sputtering. 

From the results of XPS measurements analyzing the O 
implantation depth in a Au substrate and a Monte Carlo 
simulation, the 0 related species sputtered from the 
•JIO2-, target reach tho deposited film surface with several 
tens of eV. Therefore, die released O is thought to be only 
slightly miscible with the sputter gas and negligible amount 
of O negative ions are generated- This T1O3-, sputtering 
does not make heavy damages on the easily deterioratable 
materials, as for example Ag deposited jurt before a TiOj-, 
deposition. 

Oxygen is supplied from the sputter gas to fill op the 
oxygen lack of deposited film during the TiOj-, sputtering 
and transparent TiOj is obtained. The supplied oxygen is 
thought to be in an excited state and its amount is proper* 
rional to applied power density. Transparent HOa films were 
obtained with about 8-9 times higher deposition rate using 
TiOi-* sputtering compared to Ti-100% Oj sputtering. TiOi 
films prepared by both methods have almost the same 
refractive index. 
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